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Abstract Very high cycle fatigue behaviors of two bainite/martensite dual-phase steels were
investigated. One of the steels was cyclic rapid heat treated and its microstructures were reﬁned.
Fatigue strength of the steel is 225 MPa higher than that without reﬁning. Observation of fracture
surfaces show that the fatigue cracks initiate at bainites for non-reﬁned steel and at non-metallic
inclusions for the reﬁned steel. The size of inclusions is much smaller than that of bainites which
results in the improvement of fatigue strength. c© 2012 The Chinese Society of Theoretical and
Applied Mechanics. [doi:10.1063/2.1203105]
Keywords very high cycle fatigue, duplex-phase steel, reﬁning microstructure, fatigue strength
Duplex-phase steels are a group of steels consist-
ing of a microstructure of one strong phase and one
ductile phase. Bainite/martensite (B/M) duplex-phase
high strength steels are a family of steels consisting
of martensite, bainite and a small amount of retained
austenite. Several series of B/M dual-phase steels
developed by Tsinghua University over the past few
decades oﬀer impressive mechanical properties, such
as superior strength–ductility combination and promi-
nent fracture toughness,1 in addition to the advan-
tage of reduced cost, better fatigue crack propagation
resistant,2 and excellent delayed fracture properties3
over other high-strength low-alloy (HSLA) steels of
similar chemistry. As a consequence, they are very
attractive for applications in industries, where some-
times improved very high cycle fatigue (VHCF) prop-
erties are required. Recent experimental results show
that fatigue failures of high-strength steels take place
in VHCF regime. Those failures are mostly caused
by internal non-metallic inclusions.4–7 In the case of
B/M dual phase steels, both inclusions and bainites are
possible fatigue crack initiation sites.8 In order to im-
prove the fatigue strength in the VHCF regime, the
inclusion sizes are reduced. The fatigue crack initi-
ated at large bainites and the fatigue strength is not
improved.9–11 Thus we want to know what happens as
we reﬁne the microstructures of the B/M steels, reduc-
ing the bainites size. For medium carbon steel, there are
several grain-reﬁning technologies, such as cyclic rapid
heat treatment,12 thermo mechanical treatment,13 mag-
netic or electric ﬁeld treatment14 and suitable alloying
for precipitation at grain boundaries.15 In present pa-
per, we focus on the eﬀect of the microstructures reﬁn-
ing by cyclic rapid heat treatment on fatigue strength.
A kind of novel B/M dual-phase steels designed by
Tsinghua University have a nominal chemical composi-
a)Corresponding author. Email: liuyangbo913@126.com.
tion of (by wt %) 0.23C, 1.9Si, 2.3Mn, 0.7Cr, 0.04Nb
and balance Fe. Non-metallic inclusion are reduced by
electroslag remelting method, and their sizes are found
about 2–5 μm measured by optical observation. The
heat treatment of the specimens is shown in Fig. 1. First
the specimens were heated at 1 200 ◦C for 30 minutes
and quenched in water, then tempered at 650 ◦C, and
quenched in water again. After this process, reﬁned nio-
bides (5–20 nm), such as NbC and NbN, were dispersed
homogeneously in steel matrix. Then the specimens
were separated into two groups: Nb-1 and Nb-2. For
Nb-1, the specimens were heated at 910 ◦C for 30 s, and
quenched in oil, then tempered at 280 ◦C for 2 h. For
Nb-2, previous three cycles rapid heat treatments were
added before the same process as Nb-1. In each cycle,
the specimens were rapidly heated from room tempera-
ture to 910 ◦C at a heating rate of 100 ◦C/s, and then
quenched immediately without intentional hold at tem-
perature. The prior austenite grain sizes and appear-
ances for Nb-1 and Nb-2 are shown in Figs. 2(a) and
2(b), respectively. The prior austenite grain sizes of Nb-
1 are about 20 μm, while for Nb-2 the prior austenite
grain sizes are reﬁned to about 5 μm. The microstruc-
tures for Nb-1 and Nb-2 are shown in Figs. 2(c) and
2(d), respectively. The largest bainite of Nb-1 found in
Fig. 2(c) is about 10 μm in length while that of Nb-2
shown in Fig. 2(d) is approximate to 5 μm in length.
That is to say, both prior austenites and microstruc-
tures have been reﬁned by rapid heat treatments. For
Nb-1 and Nb-2 specimens, the 0.2 Pct proof stress, ulti-
mate tensile strength and elongation were 1 318 MPa,
1 627 MPa and 13%, and 1 411 MPa, 1 528 MPa and
14%, respectively.
The dimensions of fatigue test specimen used in the
present investigation has been shown in our previous
paper.11 Fatigue tests were conducted on a Shimadzu
USF-2000 at a resonance frequency of 20 kHz and a
stress ratio of at room temperature in air. The spec-
imens were cooled by a compressed air circulation at
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Fig. 1. Heat treatment of specimens.
Fig. 2. Appearances of prior austenite grains and mi-
crostructures. (a) and (c) for Nb-1, and (b) and (d) for
Nb-2.
20 ◦C. The loading pattern used in the present study
was consisted of a 150 ms duty period and a 600 ms
pause period. The specimens were conducted until
5× 108 cycles on account of time. All fracture surfaces
of failed specimens were examined in an SEM.
S–N curves for these two steels are shown in Fig. 3.
The fatigue strength of Nb-1 is 535 MPa and that of
Nb-2 is 760 MPa at 5×108 cycles. The fatigue strength
of Nb-2 was 225 MPa bigger than that of Nb-1. The S–
N curves for both specimens are continuously decreas-
ing from high cycle fatigue to VHCF regime. Fatigue
fractures still occur when the life of specimen exceeds
107 cycles. There is no conventional fatigue limit. As
shown in Fig. 4, internal fatigue crack initiation sites
were found in both specimens. However, when the crack
initiation sites were magniﬁed, two diﬀerent crack ini-
tiation mechanisms were found for Nb-1 and Nb-2. For
Nb-1, the crack initiated at a soft bainite indicated by
dash line as shown in Fig. 4(b), while for Nb-2, as shown
in Fig. 4(d), the crack initiated at an inclusion which is
composed mostly of Al2O3. The average sizes of bainite
Fig. 3. The S–N curves for the B/M steels. The solid lines
represent Eq. (2).
and inclusion for Nb-1 and Nb-2 are 35 μm and 8 μm,
respectively.
Previous works show that fatigue failures of high-
strength steels in VHCF regime are mostly caused by
internal non-metallic inclusions. Murakami and Endo16
have proposed an equation for the prediction of the fa-
tigue limit of specimens with internal inclusions in the
high cycle fatigue regime. In our previous study,6 we
have modiﬁed their expression to predict the fatigue
strength of high-strength steels in the VHCF regime. It
reads
σVHw = 2.7
(HV + 120)15/16
(
√
areain)3/16
, (1)
where HV is Vickers hardness of steel matrix in
N/mm2,
√
areain, in μm, is the square root of the inclu-
sion projected area perpendicular to the applied stress
axis. The expression is supported by the fatigue test of
eighteen kinds of high-strength steel specimens with dif-
ferent inclusion sizes, ultimate tensile strength ranging
from 1 680 MPa to 2 180 MPa. The predictions and the
experimental data are basically within 20% error band
when the inclusion size is greater than 3 μm. For spec-
imens with inclusion size greater than 6 μm, the error
is basically less than 15%.
Fatigue strength is not determined by the critical
stress for crack initiation but the threshold stress for
crack propagation. That is to say, the fatigue crack
initiation sites are diﬀerent for Nb-1 and Nb-2, but the
fatigue strength are determined by the non-propagating
condition for cracks initiated at inclusions or bainites.
The non-propagation condition is related to the hard-
ness of matrix. Accordingly the fatigue strength for
bainites fracture origin is approximately equal to those
for inclusions. Therefore, Eq. (1) can ﬁt both Nb-1
and Nb-2 B/M steels though their fatigue crack initia-
tion sites are diﬀerent. The hardness of martensite is
4 753 N/mm2. Submitting the sizes of bainites and in-
clusions and the hardness of martensite into Eq. (1),
we get the predicted strength of 562 MPa and 741 MPa
for Nb-1 and Nb-2, respectively. We can ﬁnd out the
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Fig. 4. Observation of scanning electronic microscope of the B/M steels: (a) Nb-1 (σa = 675 MPa, Nf = 1.33×106) and (c)
Nb-2 (σa = 800 MPa, Nf = 4.11× 106). (b) and (d) are the enlargement of crack initiation sites of (a) and (c), respectively.
decrease of the sizes of initiation sites could result in ap-
proximately 200 MPa improvement of fatigue strength.
When it comes to fatigue, the S–N curves are often
used to represent fatigue behavior. Basquin’s equation
is often ﬁtted to S–N data. It has the form
σa = σ
′
f(2Nf)
b, (2)
where σa is the stress amplitude, σ
′
f is the fatigue
strength coeﬃcient, Nf is the number of cycles to fail-
ure (including initiation life and propagation life), and
b is the Basquin exponent. In our previous work,17 we
found that σ′f and b can be expressed as
σ′f = 1.12
(HV + 120)9/8
(
√
areain)1/8
, (3)
b =
1
3
lg
[
1.35(HV + 120)−1/16(
√
areain)
−1/48
]
.
(4)
These 3 equations (Eqs. (2)–(4)) have well predicted
the S–N curves in Ref. 17 for the high strength steels in
quenched and tempered condition whose fatigue crack
initiated at non-metallic inclusions. It is surprising that
these equations can also predict the S–N curves well for
the B/M steels in present paper as shown in Fig. 3. At
ﬁrst thought: B/M steels should have longer lives under
the same stress amplitude comparing with fully marten-
site steels because B/M steels have better fatigue crack
propagation resistance;2 Nb-1 steels whose fatigue ini-
tiated at bainites should have longer lives than these
whose fatigue initiated at inclusions because the initia-
tion lives of Nb-1 steels should be longer due to bainites
deforming compatibly with matrix. In Fig. 3, however,
the fatigue lives of Nb-1 steels can still be predicted well
by these equations gained from fully martensite steels.
The fatigue lives of Nb-2 steels are even less than the
predictions of these equations. These phenomena will
be discussed in detail in the coming paper. In this pa-
per, we mainly report that a 225 MPa fatigue strength
improvement of the B/M steels achieved by reﬁning mi-
crostructures with cyclic rapid heat treatment.
Very high cycle fatigue behaviors of two bai-
nite/martensite dual-phase steels were investigated.
Microstructures of Nb-2 steels were reﬁned by cyclic
rapid heat treated. Their fatigue cracks initiated at
small inclusions instead of bigger bainites, which re-
sulted in a 225 MPa improvement of fatigue strength
in the VHCF regime.
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